In metabolic syndrome, a systemic deregulation of the insulin pathway leads to a combined deregulation of insulin-regulated metabolism and cardiovascular functions. Free fatty acids (FFAs), which are increased in metabolic syndrome, inhibit insulin signaling and induce metabolic insulin resistance. This study was designed to examine FFAs' effects on vascular insulin signaling and endothelial nitric oxide (NO) synthase (eNOS) activation in endothelial cells. We showed that FFAs inhibited insulin signaling and eNOS activation through different mechanisms. While linoleic acid inhibited Akt-mediated eNOS phosphorylation, palmitic acid appeared to affect the upstream signaling. Upregulation of PTEN (phosphatase and tensin homolog deleted on chromosome 10) activity and transcription by palmitic acid mediated the inhibitory effects on insulin signaling. We further found that activated stress signaling p38, but not Jun NH 2 -terminal kinase, was involved in PTEN upregulation. The p38 target transcriptional factor activating transcription factor (ATF)-2 bound to the PTEN promoter, which was increased by palmitic acid treatment. In summary, both palmitic acid and linoleic acid exert inhibitory effect on insulin signaling and eNOS activation in endothelial cells. Palmitic acid inhibits insulin signaling by promoting PTEN activity and its transcription through p38 and its downstream transcription factor ATF-2. Our findings suggest that FFA-mediated inhibition of vascular insulin signaling and eNOS activation may contribute to cardiovascular diseases in metabolic syndrome. Diabetes 55:2301-2310, 2006 M etabolic syndrome, a cluster of metabolic and cardiovascular disorders, affects ϳ25% of adults aged Ͼ20 years and 50% of those aged Ͼ50 years (1,2). The major consequence of this syndrome is a marked increase of cardiovascular diseases. Understanding the mechanisms of cardiovascular diseases is important for the development of novel therapeutic strategies to reduce the morbidity and mortality of the disease.
In metabolic syndrome, a systemic deregulation of the insulin pathway leads to a combined deregulation of insulin-regulated metabolism and cardiovascular functions. Free fatty acids (FFAs), which are increased in metabolic syndrome, inhibit insulin signaling and induce metabolic insulin resistance. This study was designed to examine FFAs' effects on vascular insulin signaling and endothelial nitric oxide (NO) synthase (eNOS) activation in endothelial cells. We showed that FFAs inhibited insulin signaling and eNOS activation through different mechanisms. While linoleic acid inhibited Akt-mediated eNOS phosphorylation, palmitic acid appeared to affect the upstream signaling. Upregulation of PTEN (phosphatase and tensin homolog deleted on chromosome 10) activity and transcription by palmitic acid mediated the inhibitory effects on insulin signaling. We further found that activated stress signaling p38, but not Jun NH 2 -terminal kinase, was involved in PTEN upregulation. The p38 target transcriptional factor activating transcription factor (ATF)-2 bound to the PTEN promoter, which was increased by palmitic acid treatment. In summary, both palmitic acid and linoleic acid exert inhibitory effect on insulin signaling and eNOS activation in endothelial cells. Palmitic acid inhibits insulin signaling by promoting PTEN activity and its transcription through p38 and its downstream transcription factor ATF-2. Our findings suggest that FFA-mediated inhibition of vascular insulin signaling and eNOS activation may contribute to cardiovascular diseases in metabolic syndrome. Diabetes 55:2301-2310, 2006 M etabolic syndrome, a cluster of metabolic and cardiovascular disorders, affects ϳ25% of adults aged Ͼ20 years and 50% of those aged Ͼ50 years (1,2). The major consequence of this syndrome is a marked increase of cardiovascular diseases. Understanding the mechanisms of cardiovascular diseases is important for the development of novel therapeutic strategies to reduce the morbidity and mortality of the disease.
The mechanisms for the development of vascular complications are complex. The key feature of the metabolic syndrome is global insulin resistance. Insulin has multiple biological actions not only on metabolism but also on cardiovascular functions. Insulin exerts desirable effects on the vasculature, primarily by enhancing endothelial nitric oxide (NO) synthase (eNOS) activation and expression and thus NO bioavailability (3, 4) , which in turn engenders a wide array of antiatherogenic actions. In an insulin-resistant state, a systemic deregulation of the insulin pathway leads to a combined deregulation of insulinregulated metabolism and cardiovascular functions (5) and results in glucose intolerance and cardiovascular diseases. Therefore, vascular insulin resistance may play an important role in the development of cardiovascular diseases in metabolic syndrome.
One of the characteristic abnormalities in metabolic syndrome is high circulating free fatty acid (FFA) concentrations (6) . Under insulin-resistant conditions, FFA concentrations are not only high in fasting status but also fail to be suppressed appropriately in response to insulin in the postprandial state (7). Thus, insulin target tissues, such as skeletal muscle and vasculature, are constantly exposed to high levels of FFAs. Clinical studies (8 -11) have shown that high FFA levels are associated with impairment of endothelium-dependent vasodilation, high blood pressure, myocardial infarction, stroke, and sudden death. However, mechanisms of the FFA-induced vascular diseases are not completely understood. A number of researchers have shown that high circulating FFA concentrations impair insulin signaling, which leads to resistance to insulin-mediated glucose uptake and utilization (12, 13) . We hypothesize that high levels of FFAs cause vascular diseases by impairing vascular insulin signaling.
To test this hypothesis, we examined the effects of FFAs on insulin signaling and eNOS activation in cultured endothelial cells. We observed that FFAs inhibited both basal and insulin-stimulated eNOS activation. FFAs also inhibited the insulin signaling pathway through different mechanisms. Our study suggests that FFA-induced inhibition of insulin signaling and eNOS activation may play a critical role in the development of cardiovascular diseases in metabolic syndrome.
dried to a small volume. Phospholipids were spotted onto hybond nitrocellulose. Phosphatidylinositol-3,4,5-triphosphate (PIP 3 ) was detected using anti-PIP 3 monoclonal antibody (Echelon Research Laboratories, Salt Lake City, UT). The specificity of the antibody was tested with PIP 3 and PIP 3 standards (Echelon Research Laboratories). Chromatin immunoprecipitation assay. The chromatin immunoprecipitation (ChIP) assay was performed using the histone H3 ChIP assay kit according to the manufacturer's protocol (Upstate). In brief, treated HAECs were first incubated with 1% formaldehyde at 37°C for 15 min to cross-link DNA-protein complexes. Cells were then rinsed, harvested, and lysed. Cell lysates were sonicated and centrifuged to produce chromatin fragments of 300 -1000 bp in length. The supernatants were precleared with a mixture of salmon sperm DNA/protein A/protein G, followed by immunoprecipitation with anti-ATF2 antibody-protein A-agarose slurry (with IgG serving as the negative control). The immunocomplex beads were then washed sequentially with low-salt wash buffer, high-salt wash buffer, LiCl wash buffer, and Tris-EDTA buffer. The immunocomplex was eluted with elution buffer (100 mmol/l NaHCO3, 1% SDS). The eluted immunocomplex and the inputs were incubated with 200 mmol/l NaCl at 65°C overnight to reverse the cross-link, followed by incubation with proteinase K to digest the remaining proteins. The DNA was recovered by the phenol/chloroform/isoamyl alcohol extraction. The immunoprecipitated DNA was used as a template for PCR. The PCR products were separated by 1.2% agarose gel. The primers used for the AFT-2 binding site in the 5Ј-flanking region of the human PTEN were forward primer 5Ј-TCG ACT ACT TGC TTT GTA GA-3Ј and reverse primer 5Ј-TTT ACA GCC CCG ATT GGG CT-3Ј.
Statistical analysis
All quantitative variables are presented as means ؎ SE from three separate experiments. We compared the differences of three groups or more using one-way ANOVA. To evaluate the interactive effects of two factors, e.g., the siRNA-specific inhibition together with the treatment of FFAs, two-way ANOVA was used for the analyses. Two-tailed P Ͻ 0.05 was considered statistically significant.
RESULTS
FFAs inhibited basal and insulin-stimulated eNOS activation. To determine whether FFAs have any effect on eNOS activity, we examined the eNOS activation by measuring its phosphorylation at Ser 1177 . The HAECs cultured in the endothelium growth medium (with serum and growth factors that maintain the basal activation of eNOS) were treated with palmitic, linoleic, and oleic acids. As shown in Fig. 1A , inhibition of eNOS phosphorylation was observed with palmitic and linoleic acids but not with oleic acid treatment (data not shown) in a dose-dependent manner. We next examined the FFAs' effects on insulinstimulated eNOS phosphorylation. HAECs, preincubated with palmitic and linoleic acids, were starved for 6 h before being stimulated with insulin. As shown in Fig. 1B , insulin stimulated eNOS phosphorylation and this upregulation of eNOS phosphorylation was inhibited by palmitic or linoleic acids treatment. We further assessed the FFAs' effects on eNOS enzyme activity by measuring the conversion of
3 H] citrulline in the treated cells. Consistent with eNOS phosphorylation/activation, eNOS activity induced by insulin was also repressed by palmitic acid treatment (Fig. 1C) . Similar findings were observed with the linoleic acid treatment (data not shown). Thus, both palmitic and linoleic acids can inhibit basal as well as insulin-stimulated eNOS phosphorylation and hence inactivate eNOS in endothelial cells. FFAs inhibited insulin signaling pathway. Since insulin activates eNOS through Akt, we then investigated whether FFAs have any effects on basal and insulinstimulated Akt activation, which was monitored by phosphorylation at Ser 473 and Ser 308 sites. We observed that while linoleic acid had no effects on Akt phosphorylation at Ser 473 , palmitic acid inhibited Akt phosphorylation at both Ser 473 and Ser 308 sites in a dose-dependent fashion ( Fig. 2A) . Palmitic acid also inhibited insulin-stimulated Akt phosphorylation at Ser 473 ( Fig. 2B) , suggesting that palmitic acid may block upstream signaling. For the rest of this study, we focused on palmitic acid's effects. Phosphoinositide-dependent kinases (PDK1 and PDK2) are direct Akt upstream kinases, which phosphorylate Akt on Thr 308 and Ser 473 , respectively. Therefore, the phosphorylation of PDK1 in palmitic acid-treated cells was examined. As shown in Fig. 2C , insulin-stimulated PDK1 phosphorylation at Ser 241 was also inhibited by palmitic acid treatment. Collectively, palmitic acid inhibited insulin-stimulated phosphorylation of PDK1 and Akt, indicating possible impairment of upstream insulin signaling, whereas linoleic acid had no effects on Akt phosphorylation. Palmitic acid upregulated PTEN activity and transcription. Akt phosphorylation/activation is regulated by PIP 3 , which recruits PDKs and Akt to the plasma mem- brane, allowing Akt regulatory residues to be more accessible to PDKs and to be phosphorylated (16) . PIP 3 levels are tightly regulated by phosphatidylinositol (PI) 3K and phosphatases, such as PTEN, which has been shown to antagonize PI3K/Akt signaling by dephosphorylating PIP 3 (17) . To investigate the upstream molecules that were targeted by palmitic acid, we examined changes in PTEN. Since PTEN can be activated by dephosphorylation at the PTEN COOH-terminal tail (18) , the phosphorylation of PTEN at Ser 380 /Thr 382 /Thr 383 was measured from the palmitic acid-treated cell lysate. As demonstrated in Fig.  3A , palmitic acid induced PTEN dephosphorylation, indicating the activation of PTEN, in a dose-dependent manner. We further examined palmitic acid's effects on PTEN expression. Recent studies have shown that dephosphorylation at the PTEN COOH-terminal tail not only activates PTEN but also promotes PTEN degradation (19) . We expected that the total PTEN level might be decreased by its activation in palmitic acid-treated cells. However, our data showed that the total PTEN protein level was unchanged by the palmitic acid treatment (Fig. 3A) , suggesting that increased PTEN production may have occurred to compensate for the protein degradation. We measured the PTEN mRNA level in palmitic acid-treated cells. As shown in Fig. 3B , PTEN mRNA levels increased with the palmitic acid treatment, indicating that palmitic acid can induce PTEN expression at mRNA level, either by increasing transcription or decreasing mRNA turnover. In addition, consistent with the increased PTEN activation, both basal and insulin-induced PIP 3 levels were decreased by the palmitic acid treatment (Fig. 3C) . Thus, palmitic acid induces PTEN transcription and promotes its activation, which leads to decreased PIP 3 levels.
PTEN was involved in palmitic acid-induced impairment of the Akt pathway. We recently showed that PTEN was involved in the inactivation of Akt and eNOS induced by resistin (15) . We therefore investigated whether upregulated PTEN was also responsible for the palmitic acid-induced inhibition of Akt and eNOS. As shown in Fig. 4 , insulin stimulated Akt and eNOS phosphorylation, which were suppressed by the palmitic acid treatment. PTEN siRNA specifically suppressed PTEN expression and reversed the palmitic acid-induced inhibition of Akt and eNOS phosphorylation. These findings suggest that PTEN activation is directly involved in palmitic acid-induced inhibition of the insulin pathway and eNOS activation in endothelial cells. Involvement of activated JNK and p38 stress pathways in palmitic acid-induced inhibition of Akt and eNOS. We next investigated the mechanisms by which palmitic acid induced the expression of PTEN and inhibition of Akt and eNOS. Mitogen-activated protein kinase kinases JNK and p38 can be activated in response to a wide variety of stimuli and are involved in stress responses by regulating many cellular functions. Activated JNK and p38 are also implicated in the development of insulin resistance and cardiovascular diseases (20, 21) . Since FFAs increase ceramide content, which has been shown to activate MLK3, the upstream kinase of JNK and p38 pathways, we examined the activation of these pathways by palmitic acid treatment. JNK and p38 can be activated by phosphorylation at Thr 183 /Tyr 185 and Thr 180 /Tyr 182 , respectively. As shown in Fig. 5A , palmitic acid induced both JNK and p38 phosphorylation, which were paralleled by a dose-dependent decrease in eNOS phosphorylation. We next explored the involvement of JNK and p38 in palmitic acid-induced inhibition of insulin signaling by blocking their expressions with specific siRNAs, which have previously been shown to specifically inhibit JNK or p38 expression (15) . As shown in Fig. 5B , palmitic acidinduced inhibition of Akt and eNOS phosphorylation was completely reversed by the JNK siRNA and p38 siRNA, indicating that both pathways are involved in palmitic acid-induced inhibition of Akt and eNOS. Taken together, these data suggest that both JNK and p38 pathways are activated by palmitic acid and are involved in mediating the inhibitory effects on insulin signaling and eNOS activation in endothelial cells. Activated p38 stress pathway mediated palmitic acid-induced PTEN transcription. As demonstrated above (Figs. 3 and 4) , palmitic acid inhibited insulin signaling by upregulating PTEN activity. Palmitic acid also appeared to counterbalance the activation-induced PTEN degradation by promoting PTEN transcription (Fig. 3B) . To investigate whether JNK and p38 are involved in these processes, we examined the effects of JNK and p38 on PTEN expression by suppressing JNK and p38 expression. As shown in Fig. 6A , in p38 siRNA-treated cells, PTEN protein levels were decreased along with the decreased p38 expression. In contrast, JNK siRNA had minimal effects on basal PTEN expression, even though it efficiently suppressed JNK expression. These results suggest that p38, rather than JNK, may be involved in upregulating PTEN expression. Additionally, as shown in Fig.  6B , while basal PTEN mRNA was slightly decreased with the increased amount of p38 siRNA, palmitic acid-induced PTEN transcription was significantly repressed by the p38 siRNA, indicating that p38 is involved in palmitic acidinduced upregulation of PTEN mRNA. Taken together, these 
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DIABETES, VOL. 55, AUGUST 2006 data suggest that although both JNK and p38 pathways are involved in mediating palmitic acid-induced inhibition of insulin signaling and eNOS activation, mechanisms may differ. While JNK may inhibit the insulin pathway through PTEN-independent mechanisms, p38 impairs insulin signaling by upregulating PTEN activity and transcription. p38-target transcriptional factor ATF-2 mediated palmitic acid-induced PTEN upregulation. p38 is involved in gene regulation by activating an array of transcriptional factors such as p53, Max, Myc, ELK1, monocyte-specific enhancer factor 2, cAMP-responsive element-binding proteins (CREBPs), and ATFs (22). To further investigate the mechanisms by which p38 mediates palmitic acid-induced PTEN mRNA upregulation, attempts were made to identify p38 target transcriptional factors that could be activated by the palmitic acid treatment. Compared with other transcriptional factors tested, such as c-Myc, ELK1, and monocyte-specific enhancer factor 2 (data not shown), the phosphorylation of ATF-2 was strongly induced by the palmitic acid treatment in a dose-dependent manner (Fig. 7A) , indicating that ATF-2 might be a target of the activated p38. ATF-2 belongs to the ATF/CREBP family of transcription factors. It binds to the target DNA either as homodimers or as heterodimers with CREBP or AP-1 transcription factors. These dimers bind to the ATF/CREBP site 5Ј-TGACGTCA-3Ј and the AP-1 site 5Ј-TGACTCA-3Ј (23) . The promoter region in the PTEN gene contains two putative ATF half-binding sites: site 1 cctTGACGggtggg and site 2 ggcTGACGgccatt (Fig. 7B) . Using chromatin immunoprecipitation assays, we previously showed that ATF-2 bound to these sites in the PTEN promoter in vivo (15) . Here, we showed that ATF-2 binding to site 1 of the PTEN promoter was significantly increased by the palmitic acid treatment (Fig. 7B) , indicating that p38 target transcription factor ATF-2 may be involved in the palmitic acid-induced PTEN transcription. Indeed, we observed that basal PTEN mRNA was slightly decreased with the increased amount of ATF-2 siRNA, and palmitic acid-induced PTEN mRNA was significantly repressed by the ATF-2 siRNA in a dose-dependent manner (Fig. 7C) , further suggesting that ATF-2 is involved in the palmitic acid-induced upregulation of PTEN transcription.
DISCUSSION
In the present study, we have shown that palmitic and linoleic acids can inhibit insulin-stimulated eNOS activation. However, different FFAs inhibit eNOS activation through different mechanisms. While linoleic acid may directly inhibit Akt-mediated eNOS phosphorylation, palmitic acid appears to affect upstream signaling. Importantly, our data show that palmitic acid can induce activation and transcription of PTEN, which appears to mediate palmitic acid's inhibitory effects on the insulin signaling pathway and eNOS activation. Moreover, activation of p38 by palmitic acid upregulates PTEN transcription through activating transcriptional factor ATF-2 and promoting its binding to the PTEN promoter. Taking these findings together, we propose a pathway of the FFA-induced inhibition of eNOS activation (Fig. 7D) .
FFAs have been shown to have a strong linear correlation with insulin resistance (24) . FFAs have also been shown to induce inflammation and impair vascular reactivity (25, 26) , promote endothelial apoptosis (27) , and modulate microvascular function (28) . Clinical studies have shown that high FFA concentrations are significantly associated with higher blood pressure (29) , endothelial dysfunction (8,9), myocardial infarction, cardiovascular disease (10), and sudden death (11). Our study shows that palmitic and linoleic acids can inhibit insulin-stimulated eNOS phosphorylation/activation and activity, consistent with one recent report (30) that demonstrated that FFA induced inhibition of eNOS through activation of IB kinase ␤. Since NO is a key regulator in endothelial functions, eNOS inhibition by FFAs could provide a mechanism for endothelial dysfunction in metabolic syndrome. We suggest that a sustained elevation of certain FFAs, including palmitic and linoleic acids, may be a major risk factor for cardiovascular disease in metabolic syndrome.
FFAs have been shown to inhibit insulin signaling in other insulin target tissues such as liver, adipose, and skeleton muscles. We show that FFAs also inhibit insulin signaling in endothelial cells, supporting a notion that in metabolic syndrome, there is a systemic deregulation of the PI3K pathway leading to a combined deregulation of insulin-regulated metabolism and cardiovascular functions (31) . However, palmitic and linoleic acids inhibit insulinstimulated eNOS activation with different effects on Akt activation. Akt inducing eNOS phosphorylation at Ser 1177 requires Akt phosphorylation at Ser 473 and Thr 308 and the formation of the Hsp90/CaM/Akt/eNOS complex. In quiescent endothelial cells, eNOS can be found in a complex with caveolin-1, a negative regulator. Upon stimulation, eNOS is released from the caveolin inhibitory clamp and binds to Hsp90, which facilitates the docking of Akt and phosphorylation of eNOS. Thus, the Hsp90/CaM/Akt/eNOS complex is necessary for eNOS phosphorylation at Ser 1177 and for NO release (32, 33) . Linoleic acid may inhibit Akt-mediated eNOS phosphorylation by changing Akt and/or eNOS location, preventing or disturbing the functional Hsp90/CaM/Akt/eNOS complex formation. In addition, eNOS activity is also regulated by other signaling pathways, including the extracellular signal-related kinase-mitogen-activated protein kinase pathway (34), the AMP-activated protein kinase pathway (35) , and the Akt pathway, upon which palmitic and linoleic acids may also exert the inhibition.
Reactive oxygen species production and inflammatory pathways (36 -39) have been implicated in the development of insulin resistance. In addition to these important mechanisms, our present study shows that p38-activated PTEN is an additional mechanism for the development of insulin resistance. PTEN is a member of serine/threonine/ tyrosine phosphatase subfamily of protein phosphatases. It dephosphorylates PtdIns(3,4,5)P3 into PtdIns(4,5)P2, thus antagonizing PI3K-dependent signaling pathways (17, 40) . Our results show that palmitic acid can induce PTEN activation, and silencing PTEN can reverse the inhibitory effects on Akt and eNOS activation, suggesting that the upregulated PTEN may mediate palmitic acid's inhibitory effects on insulin signaling in the endothelial cells. PTEN overexpression has been shown to inhibit insulin signaling (17, 40) . Recently, it has been shown in liver (41) , muscle (42) , and adipose tissue (43) that tissuespecific deletion of PTEN results in insulin hypersensitivity with improved systemic glucose tolerance. Thus, PTEN may play a critical role in the development of insulin resistance in metabolic syndrome.
Stress signaling pathways, which are activated by inflammation and metabolic stresses, have been implicated in the induction of insulin resistance. In searching for the mechanisms and pathways for palmitic acid-induced PTEN upregulation and inhibition of insulin signaling, we found that palmitic acid activated stress signaling kinases p38 and JNK, which was paralleled by eNOS inactivation. Inhibition of p38 and JNK fully reversed palmitic acidinduced Akt and eNOS inhibition, indicating that both pathways are involved in palmitic acid-induced impairment of insulin signaling. p38 mitogen-activated protein kinase is overactivated in type 2 diabetic patients (21, 44) and is involved in the induction of insulin resistance by tumor necrosis factor ␣ (45) and glucose (46) . JNK activity is also abnormally elevated in obesity, and mice lacking JNK1 displayed significantly improved insulin sensitivity and enhanced insulin signaling in the high-fat dietary and ob/ob knockout models (47, 48) . Thus, activated p38 and JNK may be important mediators for stress signal-induced inhibition of insulin signaling and responsible for the development of diabetes and cardiovascular diseases in metabolic syndrome.
Furthermore, our study has discovered that upregulation of PTEN transcription may be a novel mechanism for p38-mediated, but not JNK-mediated, insulin resistance. While inhibition of JNK expression completely reversed eNOS and Akt inactivation by palmitic acid, it only marginally reduced PTEN transcription, suggesting that JNK may mediate palmitic acid's inhibitory effects on insulin signaling through PTEN activation or PTEN-independent mechanisms. JNK has been shown to induce phosphorylation of Ser 307 in insulin receptor substrate-1 (47,49), which has been identified as a negative regulatory site (50) for insulin signaling. Similar mechanisms may also be responsible for JNK-mediated palmitic acid's inhibitory effects on insulin signaling and eNOS activation.
We have further shown that p38 target transcriptional factor ATF-2 can bind to ATF sites in the PTEN promoter. Palmitic acid enhanced ATF-2 phosphorylation/activation and its binding to PTEN promoter, which may lead to the increased PTEN transcription. Our study demonstrates that ATF-2 may be a critical link between the p38 stress signaling and PTEN gene expression in the development of insulin resistance.
In summary, we have demonstrated that palmitic and linoleic acids exert an inhibitory effect on insulin signaling and eNOS activation in endothelial cells. While linoleic acid inhibits Akt-mediated eNOS phosphorylation, palmitic acid appears to affect upstream signaling by upregulating PTEN transcription and activity. Palmitic acid promotes PTEN gene transcription by activating p38 stress signaling and its downstream target transcription factor ATF-2. FFA-induced insulin resistance and eNOS inhibition in endothelial cells may play an important role in the pathogenesis of cardiovascular disease in metabolic syndrome. The characterization of molecular mechanisms involved in the palmitic acid-induced insulin resistance in endothelium provides an important mechanistic link implicating PTEN, p38, and JNK in the inhibitory effects of FFAs on vascular insulin signaling.
